Abstract: An electromagnetic illusion method with planar metasurfaces is demonstrated numerically and experimentally. In the method, the scattering field of an arbitrary object can be built by using a planar ultrathin metasurface with dual-polarized subwavelength unit cells. The proposed planar illusion metasurface can disguise itself as an arbitrary object when the incident wave comes from a relative wide angle range, which means the proposed method is of great practical value.
Introduction
Electromagnetic cloak is a device used to make objects invisible to waves. With the assistance of metamaterials, transformation optics becomes a powerful tool to build cloaking devices [1] - [3] . In [1] , an electromagnetic cloak with metamaterials was realized at microwave frequencies based on transformation optics. Later, optical cloak was also realized [3] . Reference [4] pointed out that cloak was a special illusion device and transformation optics could be used to generate a general illusion, which can make one object seem like other objects. By inheriting this concept, some microwave and optical illusion devices were designed based on the transformation optics [5] - [7] . Similar to the method using transformation optics, scattering cancellation method can also be used for cloak and illusion devices by covering targets with a metamaterial cylinder [8] - [10] . Based on quasi-conformal mapping technique [11] , carpet configuration was used to design cloak devices by rebuilding the reflected wavefront of the clock as if it were reflected from a flat surface. Carpet cloaks have been realized for microwave applications [12] , [13] , optical applications [14] - [17] , and acoustic applications [18] . For the above methods using transformation optics and scattering cancellation, the object is protected from field by covering cloak or illusion devices. Different from these methods, the object is allowed to be exposed to field in holography method, which is based on Fourier optics [19] - [22] . Recently, the development of metasurfaces pointed out a new way to build cloak and illusion devices by directly manipulating wavefront. The metasurface with subwavelength elements can locally tailor the electromagnetic or mechanical response at subwavelength scale [23] - [28] . Based on metasurfaces, some electromagnetic carpet cloaks were proposed at microwave frequencies [29] - [31] , optical frequencies [32] , [33] , and acoustics [34] . In [29] , the desired field distribution was generated by reconstructing the fields at the metasurface in calculation to makes the reflected wavefront resemble a flat surface. In [30] and [31] , the experimental demonstration of metasurfacebased carpet cloaks was proposed at microwave frequencies. In [33] , an ultrathin invisible skin cloak was experimentally demonstrated to conceal objects by restoring the reflected phase at optical wavelength. In 2017, a novel illusion method using planar metasurfaces was proposed in acoustics [35] . The phase distribution of the planar metasurfaces for the illusion applications was opposite to the phase distribution on cloak devices. By using this method, the flat metasurface can create the scattering field of the virtual object.
In this paper, the planar metasurface illusion method is numerically and experimentally demonstrated at microwave frequencies. Firstly, the operation principle of creating arbitrary electromagnetic illusions by using planar ultrathin metasurfaces is analyzed. Afterwards, a dual-polarized metasurface unit cell is proposed and a planar electromagnetic illusion metasurface with proposed unit cells is designed. The proposed illusion metasurface can disguise itself as an arbitrary object when the incident wave comes from a relative wide angle range, which means the proposed method is of great practical value. At last, the proposed planar illusion metasurface is fabricated and measured. The measured and simulated electric fields agree well.
Operating Principle of the Planar Metasurface
The schematic diagram of creating illusions with planar metasurfaces is shown in Fig. 1 . To disguise a planar illusion metasurface as an arbitrary virtual object, the scattering field of the planar metasurface should look like that of the virtual object. Thus, if the scattering field of the illusion planar metasurface is used to reconstruct the scatterer with traditional imaging methods, the virtual object should be obtained. The essence of this method is to control scattering field by directly manipulating wavefront using metasurfaces. In principle, the metasurface can have arbitrary shapers for this purpose. However, the ultrathin planar metasurface, as the simplest shaper, is a good choice because it is easily-fabricated and has a low profile. For the cloaking metasurface conformed with an object, the reflected phase should have a gradient distribution ϕ = π − 2k 0 z(x, y)cos(θ) to make the reflected wave seem like scattered from a flat metallic surface [29] - [34] , where k 0 , z(x, y), and θ are the wavenumber in free space, the shaper of the object, and the incident angle, respectively. As an opposite process, to make the reflected wave of a planar illusion metasurface seem like scattered from an arbitrary virtual object, the reflected phase of the planar illusion metasurface should have a gradient distribution ϕ m = ϕ o + 2k 0 z o (x, y)cos(θ), where ϕ m , ϕ o , and z o (x, y) are the phase gradient of the planar illusion metasurface, the reflected phase of the virtual object, and the shaper of the virtual object, respectively. From the equation, we can see that the virtual object z o (x, y) and the original reflected phase ϕ o have no limiting conditions for operation, which indicates that this method is suitable for arbitrary structures with arbitrary materials.
Dual-Polarized Metasurface Units
To design a planar illusion metasurface and directly manipulate wavefront, a primary step is designing metasurface unit cells with several discrete reflected phases. Because the incident wave may have arbitrary polarizations, the metasurface should have good performances to orthogonally polarized incident waves. According to the required phase gradient equation of the planar illusion metasurface introduced in the above section, the phase gradient at a certain position is only related to the height of virtual object and incident angle instead of incident polarization, therefore, for dual-polarized applications, the responses of a metasurface unit cell should be the same to orthogonal polarized incident waves. A simple and efficient way to obtain the same response to orthogonal polarized waves is to design square metasurface cell with symmetric structures.
A dual-polarized metasurface unit cell is shown in Fig. 2 . The unit cell is composed of a backed ground, dielectric substrate, and two orthogonal rectangular patches. The dielectric substrate has a relative permittivity of 4.4 and a thickness of 1.6 mm, about 0.03λ corresponding to 5.8 GHz. The side length of the square unit cell is 12.9 mm, about 0.25λ. The reflected phase can be adjusted by changing the length and width of the rectangular patch. The reflected phase map and reflected magnitude map versus different structure parameters of the proposed unit cell are shown in Fig. 2(a) and (b), respectively. With the change of patch size, the reflected phase can change within the range of −180°∼180°, and the reflected magnitude is more than 0.8 in the map except two small areas. Nine reflected phases at 5.8 GHz, 180°, 140°, 100°, 60°, 20°, −20°, −60°, −100°, and −140°, are selected to build the planar illusion metasurface. For the sake of convenience, l and w are both set as the side length of the square unit cell for the 180°case, which means that the unit cell is fully covered with copper layer. For the other reflected phase, w is fixed as 6 mm, and l changes from 7.3 mm to 11.83 mm, as the light green line shows in Fig. 2 . In the area that the light green line indicates, the reflected phases can cover the range from −140°to 140°and the reflected amplitudes are more than 0.8. The reflected phases and reflected magnitudes corresponding to selected structure parameters are shown in Fig. 2 (c) and (d), which can remain relatively stable from 5.6 GHz to 6 GHz.
Creation of an Arbitrary Illusion Using a Planar Metasurface
To demonstrate the performance of the proposed method that creating arbitrary electromagnetic illusions using planar metasurfaces, modified Peaks function is used to generate a metallic rugged structure. Peaks is a general test function to demonstrate three-dimensional plotting commands in Matlab, which has several peaks and valleys. The modified Peaks function used in this paper is
where λ is the wavelength in free space corresponding to 5.8 GHz. The Peaks structure generated according to (1) is shown in Fig. 3(a) . In the simulation, the Peaks structure is generated in CST Microwave Studio with Matlab program. The side lengths in X and Y directions of the pixel are both 0.25λ, which is the same as the side length of the unit cell designed in above section. The vertical distance between the top and bottom of the Peaks structure is about λ. Here, a special scenario, i.e., the virtual object is metallic and the incident electromagnetic wave comes from the normal direction, is used to generate a planar illusion metasurface with the proposed unit cells. For this scenario, the phase gradient of the planar illusion metasurface should be
where ϕ m and z o (x, y) are the phase gradient of the planar illusion metasurface and the shaper of the virtual object, respectively. According to (2), the required phase distribution of the Peaks structure generated using (1) is shown in Fig. 3(b) . The required phase changes from −120°to 550°in the required area. A planar illusion metasurface with fully backed copper ground is generated according to Fig. 3(b) with the proposed unit cells, as shown in Fig. 3 
(c) and (d).
Although the proposed illusion metasurface is designed according to the required phase map for normal incidence, it can still work well in a relative wide incident angle range, as shown in Figs. 4 and 5. The incident waves for Peaks structure and its corresponding illusion metasurface are the same, which are Y-polarized plane waves with an incident angle θ. From Fig. 4 , we can see that both the field of the metasurface and Peaks structure change with the incident angle and the field distributions of illusion metasurface and Peaks structure are similar even when the incident angle is 30°. The normalized scattering patterns at 5.8 GHz corresponding to different incident waves are shown in Fig. 5 . Four large beams can be seen in the XZ-plane patterns of both metasurface and Peaks structure because of the complex scattering. With the increasing of incident angle, the main scattering directions of metasurface and Peaks structure increase simultaneously. The main polarized components of illusion metasurface and Peaks structure are the same in each incident case and each plane, and the scattering patterns of main polarized components of illusion metasurface and Peaks structure are similar under all the incident angles of 0°, 10°, 20°, and 30°. In addition, the main polarized component is more than 35 dB larger than the other component, which means the proposed illusion metasurface does not induce undesired cross-polarized component. From the above analysis, we can see that the scattering field of an arbitrary object can be built by a planar metasurface according to the proposed method. In other word, we can create an arbitrary electromagnetic illusion using a planar ultrathin metasurface.
From (2), we can see that the phase gradient is related to the height of the virtual object instead of the polarization of incident electromagnetic wave. For a certain position of the metasurface, the height is the same no matter what the polarization of the incident wave is, which means the metasurface's responses to orthogonally polarized incident waves only depend on the unit-cell's responses to orthogonally polarized incident waves. From the section about unit-cell design, the proposed square unit cell with symmetric structure has the same responses to orthogonal polarized incident waves. Therefore, the proposed illusion metasurface should have good performances to Fig. 4 . Interferential electric fields with Y polarization of incident wave and reflective wave at 5.8 GHz in z = λ plane. The incident waves for Peaks structure and its corresponding illusion metasurface are the same, which are Y-polarized plane waves with an incident angle θ. The angle θ in the figure is the angle between Z axis and incident direction in XZ plane. Although the metasurface is designed according to the required phase map for normal incidence, the field distributions of illusion metasurface and Peaks structure are similar under the conditions of different incident angles, which means that the proposed illusion metasurface works well in a relative wide incident range. Fig. 5 . Normalized scattering patterns at 5.8 GHz corresponding to different incident waves with Y polarization. Although the metasurface is designed according to the required phase map for normal incidence, the scattering patterns of illusion metasurface and Peaks structure are similar under the conditions of different incident angles, which means that the proposed illusion metasurface works well in a relative wide incident range. In the figure, Peaks and MS represent Peaks structure and metasurface, respectively. orthogonal polarized incident waves. To demonstrate the dual-polarized performance, the normalized scattering patterns at 5.8 GHz corresponding to different incident waves with X polarization are shown in Fig. 6 . θ in the Fig. 6 is the angle between Z axis and incident direction in XZ plane, the same as Fig. 5 . The scattering patterns of illusion metasurface and Peaks structure are similar under different incident angles, and the main polarized component is more than 35 dB larger than the other component, which indicates that the proposed illusion metasurface has similar performances to orthogonal polarized incident waves.
The proposed planar illusion metasurface is fabricated and measured. A photograph of the metasurface in the measurement configuration is shown in Fig. 3(d) and the schematic diagram of the measurement setup is shown in Fig. 7 . The metasurface to be measured is placed on a tray, which can be moved in a 2D plane using three electric step motors with tracks. The minimum step of the step motors is 0.2 mm and the three step motors can be controlled simultaneously with one controller. A probe connected to a soft thin coaxial cable is placed under a horn antenna to measure the interferential field. The thin cable is held by a thin stiff plastic pipe and the pipe holder does Fig. 6 . Normalized scattering patterns at 5.8 GHz corresponding to different incident wave with X polarization. Similar to the case with Y-polarized incident wave, the scattering patterns of illusion metasurface and Peaks structure are similar, which indicates that the proposed metasurface has dual-polarized illusion ability. In the figure, Peaks and MS represent Peaks structure and metasurface, respectively. Fig. 7 . Schematic diagram of the measurement setup. The metasurface to be measured is placed on a tray, which can be moved in a 2D plane using electric step motors. A probe connected with a soft thin coaxial cable is placed under a horn source to measure the field. The thin cable is held with a thin stiff plastic pipe. The horn and probe are connected to a Vector Network Analyzer (VNA).
not reach the aperture of horn antenna to decrease scattering effect. The probe is arranged right below the center of the horn antenna and the distance between the probe and metasurface is half a wavelength at 5.8 GHz. The horn and probe are connected to an E8361A Vector Network Analyzer (VNA). The positions of the horn and the probe are fixed and the field at different positions above the metasurface can be measured by moving the metasurface. The simulated and measured electric field amplitudes of the proposed illusion metasurface illuminated with normal incident wave from horn antenna are shown in Fig. 8 . For the measured results, we can see some small fluctuations, which may be caused by the shake of thin probe cable. The difference between simulated and measured results may be mainly caused by the scattering effect of probe and its cable, measurement error, and fabrication error. Although there are a little difference between the measured results and simulated results, their whole variant trends are similar, which indicates that the proposed illusion metasurface works well.
Conclusion
This study focuses on creating arbitrary electromagnetic illusions with planar ultrathin metasurfaces. By using dual-polarized subwavelength unit cells, the scattering field of planar metasurfaces can be locally tailored at subwavelength scale and arbitrary scattering field can be rebuilt with the planar metasurfaces. Thus, the scattering field of arbitrary virtual objects can be built by using planar metasurfaces. In other word, we can create arbitrary electromagnetic illusions with planar metasurfaces. Through comparing the scattering fields of Peaks structure and its corresponding illusion metasurfaces, the proposed electromagnetic illusion method is demonstrated numerically and experimentally. Although the proposed illusion metasurface example is designed according to the required phase map for normal incidence, it can still work well in a relative wide incident angle range, which means the proposed method has a strong practicality. It is worth mentioning that the illusion metasurface can have arbitrary shapers to disguise itself as other object and the ultrathin planar metasurface is a good choice for illusion applications as it is very simple and easily-fabricated. In addition, the planar illusion metasurface is the basic unit of other configurations and other forms of metasurface-based illusion devices can be designed based on the similar operation principle. In conclusion, planar ultrathin metasurfaces can be used to create arbitrary electromagnetic illusions.
